Abstract: A Q-switched erbium-doped fiber laser (EDFL) incorporating a graphene-oxidebased saturable absorber (SA) is proposed and demonstrated. The SA is fabricated by first dissolving graphene oxide nanopowder in water and subsequently using the thermophoresis effect to deposit it onto the fiber ferrule. The SA is integrated into a ring cavity EDFL, which uses a 3-m-long MetroGain Type-12 erbium-doped fiber (EDF) as the gain medium. The EDFL has a continuous-wave (CW) lasing threshold at a pump power of $9 mW, with Q-switching behavior observed at pump powers $18 mW and above. At the maximum pump power of $100 mW, the Q-switched pulses generated by the EDFL have a repetition rate and pulsewidth of 61 kHz and 6.6 s, respectively, along with an average output power of about 3.7 mW. Additionally, at the maximum power, the energy per pulse and peak power of the generated pulses are 61.3 nJ and 9.3 mW, respectively.
Introduction
It has been of great interest lately to explore new materials to act as saturable absorbers (SAs) for passive mode-locking and Q-switching application in fiber laser. Passively mode-locked and Q-switched fiber lasers can find a multitude of applications in the areas of basic research, medicine, communications as well as material processing and manufacturing and so forth due to their simple design, which allows for the development of compact and cost-effective pulsed laser sources. Although mode-locking and Q-switching can be undertaken using active components, SAs provide a significant advantage of low complexity and ease of operation. Passive mode-locking has long been dominated by semiconductor SAs (SESAMs), which provide the benefits associated with passive mode-locking and Q-switching, but with the drawback of their complex fabrication and narrow tuning range [1] , [2] .
In this regard, significant research has been expanded into the development of a cheaper and less complex alternative to the use of SESAMs for passive Q-switching and mode-locking. Of these attempts, two materials, namely, single-walled carbon nanotubes (SWCNTs) [3] - [6] and graphene [7] - [12] , have been proven to have tremendous potential for application as SAs. Both SWCNTs and graphene are derived from carbon and have excellent optical characteristics such as high saturable absorption rates and ultrafast recovery times. They are significantly easier to fabricate and cost much less than SESAMs, thus giving them a crucial advantage. Although SWCNTs have excellent optical characteristics as an SA, the operational wavelength is determined by the diameters of the individual nanotubes. This brings about a limitation in its operating wavelength and tunability.
Graphene-based SAs, on the other hand, have made significant in-roads in the development of compact mode-locked fiber lasers capable of generating ultrafast pulses with very high repetition rates and narrow pulsewidths. These pulses have significant use in many applications but can be difficult to obtain, as they require careful adjustment of group velocity dispersion (GVD) in order to generate a stable output. Q-switched pulses, on the other hand, are easier to generate, and although they have lower repetition rates and wider pulsewidths, their large pulse energies and higher average output powers make them suitable for applications that do not require ultrafast pulses, such as laser range-finding, materials processing, and optical time-domain reflectometry.
Although there have been numerous reports of graphene-based Q-switched fiber lasers [8] , [13] - [15] , graphene requires sophisticated approaches such as chemical vapor deposition (CVD) in order to deposit the graphene film onto a glass plate or fiber ferrule. Graphene films prepared using the CVD technique can operate well but requires skillful operation and highly precise instrumentation, thereby making the fabrication process difficult. There are also other methods of graphene deposition such as the optical deposition technique, which is commonly used to deposit either a single layer or multiple layers of graphene [7] .
Besides graphene, graphene oxide can also provide a similar behavior as graphene but without requiring the complex deposition techniques. There have been a few reports on the use of graphene oxide as an SA for obtaining mode-locked operation in erbium-doped fiber lasers (EDFLs) [16] , [17] and also by hole-filling a hollow-core photonic-crystal fiber with graphene oxide for modelocking operation [18] . Although the use of graphene oxide embedded in a polyvinyl alcohol polymer as an SA to induce Q-switching in a bulk Nd:GdVO 4 laser system has been demonstrated [19] , there have been no reports on using graphene oxide for generating Q-switched pulses in fiberbased systems. This could be of interest for applications that require large pulse energies as well as low repetition rates and wide pulsewidths in a compact fiber-based system.
In this paper, we report, to the best of our knowledge, the first application of graphene oxide as an SA for the generation of Q-switched pulses in an EDFL. Graphene oxide has similar characteristics as graphene in terms of fast energy relaxation of hot carriers and strong saturable absorption. Furthermore, the deposition of graphene oxide is conveniently done, as graphene oxide dissolves easily in water and can be deposited onto a fiber ferrule by the thermophoresis process. The process is inexpensive and significantly faster as compared to using graphene as an SA. In this paper, a short 3-m-long erbium-doped fiber (EDF) is used as the gain medium in a ring cavity laser, with a low Qswitching threshold of $18 mW. The repetition rate can be varied until a value of 61 kHz at the maximum pump power of $100 mW, as well as a pulsewidth, peak power, and pulse energy of 6.6 s, 9.3 mW, and 61.3 nJ. The average output power at the maximum pump power is about 3.7 mW.
Preparation and Deposition of the Graphene Oxide SA
Graphene oxide is generally obtained by the oxidization of naturally occurring graphite. Typically, graphene oxide is fabricated by either the Brodie [20] , Staudenmaier [21] , or Hummers [22] methods or some variation thereof. In this paper, however, commercially available graphene oxide is used in the form of a dry nanopowder obtained from Graphene Research Ltd. Graphene oxide possesses significant mechanical, thermal, electrical, and optical properties, and the presence of polar oxygen functional groups makes graphene oxide hydrophilic [23] . This allows it to disperse well in water and, therefore, be significantly easier to apply in the fabrication of the SA.
In fabricating the graphene-based all-fiber SA, the graphene oxide nanopowder is first dissolved in approximately 0.25 ml of water and then made to undergo ultrasonification for 30 minutes so as to ensure that the graphene oxide particulates are well dispersed in water. In order to generate the layer of graphene oxide on the face of the fiber ferrule, a fiber ferrule is first submerged slightly in the graphene oxide and water solution, such that the face of the fiber ferrule is submerged. The other end of the patchcord is connected to an amplified spontaneous emission (ASE) source with an output power of approximately 15 dBm, as shown in Fig. 1 .
As a result of the thermophoresis effect, as demonstrated in references [7] and [24] , after about 30 minutes, a layer of graphene oxide will be formed on the face of the fiber ferrule. The fiber ferrule is then lifted from the graphene oxide and water solution and then left to dry for another 30 minutes to allow any excess water to evaporate. Finally, the fiber ferrule, with the graphene layer, is connected to another fiber ferrule to form the SA.
Experimental Setup
The experimental setup of the proposed fiber laser is given in Fig. 2 . The gain medium of the EDFL is a 3-m-long MetroGain-12-type EDF. The EDF has absorption coefficients of between 11 to 13 dBm À1 at 980 nm and about 18 dBm À1 at 1550 nm, with an erbium ion concentration of 960 ppm. A 980-nm laser diode with a maximum output power of $100 mW is used as the pumping source for the EDFL and is connected to the 980-nm port of a wavelength-division multiplexer (WDM). The common output of the WDM is connected to the 3-m-long EDF, which, in turn, is connected to the input of an optical isolator to ensure unidirectional oscillations within the ring cavity. The output of the optical isolator is connected to a 90:10 coupler, which is used to extract a portion (10%) of the signal oscillating in the cavity for further analysis. The remaining signal is channeled through the 90% port of the tap coupler where it will now come into contact with the SA and undergo Q-switching. The output of the SA is connected to the 1550-nm port of the WDM, thereby completing the ring cavity. The 10% port of the 90:10 coupler is connected to a 1 Â 2 (3 dB) coupler, which splits the extracted signal evenly into two portions. One portion is guided into a Yokogawa AQ6370B optical spectrum analyzer (OSA) with a resolution of 0.02 nm and is used to analyze the spectral properties of the generated signal. The other portion is directed into an Epitaxx photodetector (EPN606-250), which is connected to a LeCroy 352A oscilloscope, having bandwidths of 2 GHz and 500 MHz, respectively, for the analysis of the pulse characteristics of the extracted signal.
Result and Discussion
The Raman spectrum of the graphene oxide formed on the face of the fiber ferrule is shown in Fig. 3 . Normally, Raman spectroscopy is used to characterize the crystal structure, disorder, and defects in graphene-based materials. Graphene oxide will manifest two main peaks, D and G, in Raman spectroscopy [25] , and in the figure shown, the two peaks are obtained at 1354 cm À1 (D) and 1582 cm À1 (G). The peaks measured are similar to that in [17] , whereby the graphene oxide and reduced graphene oxide have D and G peaks within this region. In the case of this work, the graphene oxide in its powder form is mixed with water, and the trace is therefore for graphene oxide. As the presence of graphene oxide has been confirmed by Raman spectroscopy, the fiber ferrule with the graphene oxide layer is connected to another fiber ferrule to form the SA and placed in the optical circuit, as given in Fig. 2 . The pump power of the 980-nm pump laser is adjusted by its drive current that is increased incrementally. At a pump power of $9 mW, the first observation of CW 
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Saturable Absorber for All-Fiber Q-Switching operation in the fiber laser is obtained. Further increasing the pump power will yield Q-switched operation at a threshold power of $18 mW, with a minimal repetition rate of 22 kHz. The power of the pump laser is further increased until a maximum pump power of $100 mW, which yields a higher repetition rate of 61 kHz. The pulsewidth of the system, on the other hand, decreases as the pump power is increased, with a wide pulsewidth of 13.7 s obtained at $18 mW but decreasing to a narrower value of 6.6 s at pump power of $100 mW. The Q-switched traces at different pump powers and repetition rates are provided in Fig. 4 . The repetition rate and pulsewidth of the Q-switched pulses generated from this fiber laser is summarized in Fig. 5 that is taken against the laser diode pump power to the EDF. It can be seen 
Saturable Absorber for All-Fiber Q-Switching from the figure that the repetition rate increases almost linearly against the pump power, at a rate of approximately 5 kHz for every increase of 10 mW in the pump power. It must be noted that the repetition rate of the EDFL is not limited to this value, and higher repetition rates can be obtained if a pump laser diode with a higher output power is used. Additionally, the repetition rate of the pulses obtained is almost constant over time, indicating that the system is stable and the graphene-oxidebased SA can sustain Q-switching operation at higher pump powers. As in the case of this experiment, the graphene oxide SA provides a lower threshold value for Q-switching operation as compared to graphene-based SAs. This can be seen from the fact that in this work, Q-switched pulses are obtained at $18 mW, while in systems using graphene-based SAs, the threshold value is only achieved at much higher pump powers of between 33 mW [14] to 74 mW [13] . The pulsewidth of the system, on the other hand, decreases as the pump power is increased, as is expected with the increase in the repetition rate. At a low pump power of $18 mW, a wide pulsewidth of 13.7 s is observed and decreases quickly to 7.9 s with an increase of only 18 mW. However, subsequent increases in the pump power result in only a slow decrease in the pulsewidth to a minimum value of 6.1 s at a pump power of $84 mW. Above this pump power, the pulsewidth becomes wider again, reaching a value of 6.6 s at a maximum pump power of $100 mW. The average output power against the pump power is shown in Fig. 6 . It can be seen that the average output power increases almost linearly with the pump power, with the maximum average output power of 3.7 mW achieved at the highest pump power of $100 mW. In the initial stages of operation, below a pump power of $18 mW, the system operates in the CW mode. However, above this pump power, the EDFL operates as a Q-switched pulsed fiber laser. The threshold for lasing operation in this EDFL is about $9 mW, which yields an average output power of 0.1 mW.
The pulse energy and peak power of the generated Q-switched pulses against the pump power is shown in Fig. 7 . These values are obtained from the simple relationship between the peak power multiplied by the pulsewidth and the pulse repetition rate, giving the average output power. From the graph in Fig. 7 , it is observed that the pulse energy increases from 19.2 nJ at pump power of $18 mW to a maximum value of 63.9 nJ at $74 mW. However, above pump powers of $74 mW, the pulse energy decreases slightly to 61.3 nJ, which is obtained at the maximum pump power of $100 mW. The peak power of the Q-switched pulses has a similar pattern to that of the energy per pulse, increasing from 1.4 mW to 10.3 mW as the pump power is raised from 18 mW to $84 mW before dropping to 9.3 mW as the pump power is raised further to the maximum value of $100 mW. The decreases in the peak power and energy per pulse, as well as the increase in the pulsewidth as shown in Fig. 5 above a pump power of 84 mW, which is due to the system going past its optimal operating point. There is a possibility that above a certain intracavity power level, other nonlinear effects may take place, resulting in more average loss and, thus, a decrease in the performance of the system. It is also possible that at this point, the graphene oxide layer may suffer a slight damage. However, when the above measurements were repeated, similar results were obtained, indicating that the damage could be reversible. The threshold for possible damage of the graphene oxide, taking into account at peak power of 10.3 mW, with a mode field diameter or core size of 6.2 m, results into a power intensity of 341 MW/m 2 . It would also be of interest to have the optical spectra of the output of the Q-switched EDFL, as shown in Fig. 8 . In the figure, the output spectra of the Q-switched EDFL are obtained from the OSA at pump powers of $28 mW, $37 mW, and $100 mW. As can be seen from the figure, the laser spectrum at each different pump power has a considerably broad laser bandwidth at the base of the laser spectrum, covering the wavelength range from approximately 1558 nm to 1570 nm, thereby falling in at the beginning edge of the L-band region. The spectrum exhibits a modulation structure due to cavity perturbations and multimode oscillations. The is due to the homogenous linewidth of the erbium laser, which can support the lasing modes of the laser as well as the broad ASE spectrum generated by the cavity at the same time. It is also observed that the output power amplitude near the peak of the spectrum, measured to be roughly À14 dBm at wavelengths 
Saturable Absorber for All-Fiber Q-Switching between 1563.8 nm and 1564.4 nm, does not change with the pump power. It can thus be inferred that at this point, the power spectral density is not dependent on the pump power. From the above results, it can be seen that graphene oxide can provide a good alternative as an SA in producing stable Q-switched pulses. The average output power of the EDFL is higher, at 3.7 mW, as compared to similar systems using graphene-based SAs, having an average output power of 1.7 mW [13] , 0.8 mW [15] , and about 1.1 mW [26] , taken at the same pump power of about 100 mW.
Conclusion
In this paper, a Q-switched EDFL using graphene oxide as an SA is proposed and demonstrated. The graphene oxide SA is created by dissolving graphene oxide nanopowder in water and depositing it onto the face of the fiber ferrule by the thermophoresis effect. The presence of graphene oxide is confirmed by Raman spectrometry, and the SA is then incorporated into the ring cavity EDFL using a 3-m-long MetroGain EDF as the gain medium. The EDFL has a lasing threshold of $9 mW and a Q-switching threshold of $18 mW and, at the maximum pump power of $100 mW, is able to generate Q-switched pulses with repetition rate, pulsewidth, energy per pulse, and peak power values of 61 kHz, 6.6 s, 61.3 nJ, and 9.3 mW, respectively. Additionally, at the maximum pump power, an average output power of 3.7 mW is obtained from the EDFL. The EDFL also has a considerably broad laser bandwidth from 1558 nm to 1570 nm at the base of the laser spectrum. The output of the Q-switched EDFL is stable, and graphene oxide SA provides an EDFL with a higher average output power as compared to similar systems using graphene as the SA.
